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Abstract 
In this paper, a finite element model is built up to investigate the static and dynamic characteristics of the key vertical parts of a large scale 
ultra-precision optical aspherical machine. The spring-damper units of moving joint surfaces are applied in the finite element analysis. The 
analysis of static characteristics shows that the stiffness of grinding point is much smaller in other directions than that in vertical direction. 
When the ram is in the highest and lowest positions, the first-order natural frequencies of the vertical parts are 85.6Hz and 84.6Hz, respectively, 
more than twice times of the maximum spindle speed. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of 13th CIRP conference on Computer Aided Tolerancing. 
Keywords: grinding machine; aspherfic surface; characteristics. 
1. Introduction   
Large scale ultra-precision optical aspherical mirrors are 
applied to laser fusion device, large diameter telescope and 
lithography machine etc [1], so the large ultra-precision 
grinding machine is very important for the fabrication of the 
large ultra-precision aspherical optics. It restricts processing 
efficiency and precision. 
An ultra-precision optical aspherical machine tool has been 
developed. The maximum diameter of the workpiece could 
reach 1500mm. The vertical components move on a stepped 
beam. This article discusses the static and dynamic analysis of 
the key vertical parts of the large scale ultra-precision optical 
aspherical machine tool. It is inevitable to set up accurate 
dynamic models. Machined joints exist extensively in 
machines and mechanical. The moving joint surfaces are 
applied in the finite element analysis. 
Interfacial parameters including contact stiffness and 
contact damping are of great importance to contact dynamics 
and interface modeling[2]. The contact stiffness and damping 
of the joint surface has a great influence in the characteristics 
of the overall mechanical structure. Numerous studies show 
that the contact stiffness of the joint surface account for 60% 
~ 80% of the overall stiffness of the machine, and more than 
90% of the total damping of the machine comes from the joint 
surface [3] [4] [5]. Therefore, the impact of joint parameters 
should be considered in the finite element analysis. Machine 
joint surface can be classified as fixed joints, and sliding or 
moving joints [6]. Fixed joint surface is the contact surface 
connected by bolts or screw. Moving joint surface is the 
contact surface of the moving parts such as sliding contact 
and hydrostatic contact. Physical phenomena in the joint are 
quite complex and therefore too impractical to model at the 
micro-scale. The primary impediments to modeling 
mechanical joints are their nonlinear nature and variability [7]. 
Because the joint surface has dual characteristics of storage 
and expending energy, joint surface are characterized by 
contact stiffness and contact damping. The dynamic model of 
joints was often simpliﬁed into a group of equivalent spring-
damper model. Spring-damper can be used as a token of the 
normal or tangential dynamic characteristics of the joints [8]. 
The spring-damper units have been used to simulate the 
contact between the joint surface in this paper. 
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2. Method  
2.1. model 
The models of the vertical axis component are shown in 
Fig.1. Fig.a shows the Slide carriage mounted in the stepped 
beam. The finite element model is set up as shown in Fig.2. In 
this model, vertical axis is meshed by hexahedron elements. 
The vertical axis slide, ram and guide plates are meshed by 
20mm grid. For bearing seat and the motor blocks, they are 
meshed by 10mm grid. Other smaller structures are meshed 
by 5mm grid. The mesh model of the vertical parts is showed 
in Fig. 2. The mesh model has 259,212 units, 1,063,236 nodes, 
the average mass of the grid is 0.75. 
 
(a) Slide carriage mounted in the stepped beam 
  
(b) 
 
(c) The simplilfied model of the vertical parts 
Fig. 1.The models of the vertical axis component  
 
 
Fig. 2.The mesh model of  the vertical part 
2.2. Material  
The material parameters of the model need to be set before 
finite element calculation. According to the design of 
materials used, material type and parameters of each 
component are shown in Table 1 below. 
Table 1 Material  
Objective Material 
Yong 
modulus
˄Pa˅ 
Poisson’s 
ratio 
Density
˄kg/m3˅ 
Slide carriage HT350 1.45E+11 0.27 7300 
Ram HT350 1.45E+11 0.27 7300 
Pressure plate HT350 1.45E+11 0.27 7300 
Motor seat HT350 1.45E+11 0.27 7300 
Balance weight HT250 1.38E+11 0.256 7280 
Oil pad QSn4-3 1.10E+11 0.33 8800 
Ball screw 40Cr 2.11E+11 0.277 7870 
Ball screw bearing 40Cr 2.11E+11 0.277 7870 
Main shaft flange 45 2.09E+11 0.269 7810 
Grinding wheel base 45 2.09E+11 0.269 7810 
Slide carriage 
Counterweight 
Pressure plate 
Ram 
Grinding wheel 
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The finite element analysis adds equivalent mass point 
20.8kg instead of servo motor model. The spindle is regarded 
as a whole, and the mass is 100kg. 
2.3. Joint surface model  
The moving parts of the vertical axis include ball screw, 
bearing and guide rail. The parameters of the joint surface 
could be attained from the moving parts. The hydrostatic 
contact of the guide and ball screw contact can be simulated 
into spring-damper units. For the tangential resistance of the 
hydrostatic guide is small, each oil chamber can be modelled 
into spring-damper unit. The equivalent model of the guide 
rail, screw and bearing joint surface are shown in Fig. 3. The 
parameters of the hydrostatic joint surface are attained 
according to the design of hydrostatic support system, 
external load and the movement frequency. The parameters of 
joint surface are listed in the Table 2. The stiffness and 
damping of the screw and bearing’s joint surface are attained 
according to the relevant manual. 


Fig 3 The equivalent model of the guide rail, screw, and bearing’s joint 
surface.(a)The equivalent model of the guide rail’s joint surface (b)The 
equivalent model of the screw and bearing’s joint surface 
2.4. The set of contact surface 
According to the parameters in the Table 2, the spring-
damper units are added in ANSYS Workbench which is 
shown in the Fig. 4. The fixed surfaces use bonded contacts. 
The spring element is applied to the surface between balance 
cylinder and the top surface of the slide carriage to simulate 
balance force. When the ram is in the highest and lowest 
positions, the balance force is 4900N and 5295N respectively.  
Table 2 The equivalent parameters of the joint surface 
Combining surface equivalent parameters 
The 
equivalent 
parameter 
values 
The stiffness of  the joint surface 
 in the front and back of the guide rail 2150 N/μm 
The damping of  the joint surface 
 in the front and back of the guide rail 
9.41×107 
N·s/m 
The stiffness of  the joint surface 
 in the side direction of the guide rail 2200 N/μm 
The damping of  the joint surface 
 in the side direction of the guide rail 
1.2×108 
N·s/m 
The stiffness of  the ballscrew’s joint surface 1420 N/μm 
The damping of  the ballscrew’s joint surface 270 N·s/m 
The stiffness of  the bearing’s joint surface 2800 N/μm 
The damping of  the bearing’s joint surface 280 N·s/m 
2.5. The set of contact surface 
According to the parameters in the Table 2, the spring-
damper units are added in ANSYS Workbench which is 
shown in the Fig. 4. The fixed surfaces use bonded contacts. 
The spring element is applied to the surface between balance 
cylinder and the top surface of the slide carriage to simulate 
balance force. When the ram is in the highest and lowest 
positions, the balance force is 4900N and 5295N respectively.  
    
(a) The spring-damper unit of screw 
 
(b) The spring-damper unit of bearing 
Fig. 4 The spring-damper unit of bearing 
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2.6. Static and dynamic analysis 
  The characteristics of the vertical parts are different when 
the slide carriage is in different position. The static and 
dynamic analysis of the vertical parts is studied when the ram 
is in the highest and lowest position. Fixed constraints are 
imposed on the contact surface between vertical parts and the 
beam. Grinding forces of three directions are applied to the 
wheel. After setting gravity, calculate the model in the 
environment. 
2.7. Static analysis 
200N is applied in X, Y, Z direction, and the results are 
shown in Fig. 5. The maximum deformation occurs in the 
counterweight area and the grinding wheel area. When the 
ram is in the lowest position, the deformation increases. Static 
stiffness of the machine is an important indicator to assess its 
static properties. The relationship between the deformation 
and the load is obtained when different loads are applied. The 
results are shown in Table 3. 
  
(a) 
 
(b) 
Fig 5  The results of the static analysis.(a)The distribution figure of the model 
when the ram is in the highest position(b)The distribution figure of the model 
when the ram is in the lowest positio. 
 
 
Table 3 Displacement  in different load 
Ram position Load  /N 
X  
displacement 
/μm 
Y  
displacement 
/μm 
Z 
displacement 
/μm 
Highest position 
50 3.853 0.794 -6.297 
100 4.251 1.837 -6.246 
200 5.047 3.92 -6.143 
Lowest position 
50 6.8 0.752 -5.766 
100 7.429 1.99 -5.748 
200 8.684 4.465 -5.712 
The stiffness of grinding point is calculated based on the 
data list in Table 3, and it is shown in Table 4.  Table 4 shows 
that the stiffness of grinding point is much smaller in other 
directions than that in vertical direction and  the stiffness 
increases when the overhang of the increases. When the ram 
is in the highest position and lowest position, the first-order 
natural frequencies of the vertical parts were 85.6Hz and 
84.6Hz, respectively. They are more than twice the maximum 
spindle speed. 
Table 4 The stiffness of grinding point 
Ram position X stiffness/ N/μm 
Y stiffness/ 
N/μm 
Z stiffness/ 
N/μm 
Highest position 126 48 974 
Lowest position 80 40 2778 
 
When the grinding point is applied force in three direction, 
the force in X and Y direction will cause twisting of the ram 
and it will produce component force in Z direction. The force 
has the compensation effect to the Z deformation. When the 
ram overhangs larger, the torsion becomes larger. This is the 
reason for the stiffness is larger when the ram is in the lowest 
position than that in the highest position. To prove the 
analysis, the grinding point has been applied force only in Z 
direction. The calculation results are shown in the Table 4. 
Table 5 The deformation of the grinding point in Z axis direction 
Ram position Load /N Z deformation/μm 
Lowest position 
50 -5.630 
100 -5.475 
200 -5.164 
The stiffness of  the Z direction is 322N/μm which is got 
from fitting the data in table 4. And it is close to the 
calculation result 345 N/μm to prove the results is right. 
We can come to the conclusion that the stiffness in Z 
direction could be very high because of the compensation 
effect of the component force in horizontal direction. 
2.8. Dynamic analysis 
To analysis the mode of the vertical parts, the first six 
natural frequencies and modes are calculated, and they are 
shown in Table 6. The lowest-order natural frequency is 
85.6Hz when the ram is in the highest position. It is more than 
twice of the maximum spindle speed. The lowest natural 
frequency of the system is 84.6Hz when the ram is in the 
lowest position. The counterweight will swing back and forth 
severely when the system is in the first natural frequency. The 
natural frequency is lower than that in highest position. The 
fourth-order vibration mode is the vertical vibration of the 
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ram .The vertical direction is the sensitive direction of the 
machining error, but the natural frequency is 179Hz. 
 
 
 
Table 6 The first six natural frequencies and modes of the vertical parts when the ram is in the lowest position 
 
First order˄85.56Hz˅of  counterweight swings back and forth. 
 
Second order˄151.11Hz˅of slide carriage swings back and forth. 
 
Third order˄166.47Hz˅of  slide carriage swings left and right. 
 
Fourth order˄194.08Hz˅of ram swings back and forth. 
 
Fifth order˄213.2Hz˅of ram swings left and right. Sixth order˄236.32Hz˅of counterweight swings left and right. 
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Table 7  The first six natural frequencies and modes of the vertical parts when the ram is in the lowest position 
 
First order˄84.55Hz˅ 
The counterweight swings back and forth 
 
Second order˄125.01Hz˅ 
The slide carriage swings back and forth. 
 
Third order˄133.45Hz˅ 
The ram swings left and right. 
 
Fourth order˄178.95Hz˅ 
The ram swings back and forth. 
 
Fifth order˄205.25Hz˅ 
The slide carriage swings left and right. 
Sixth order˄234.03Hz˅ 
The counterweight swings left and right. 
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3. Conclusion 
A finite element model was established. It added 
characteristic parameters to the combined interfaces. The 
static characteristic analysis showed that the stiffness of 
grinding point is much smaller in other direction than that in 
vertical direction. When the ram was in the highest and 
lowest positions, the first order natural frequencies of the 
vertical parts were 85.6Hz and 84.6Hz, respectively. They 
were more than twice the maximum spindle speed, so spindle 
vibration had little effect on key vertical parts.  
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